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We report here the development of a device for single- 
molecule imaging on large surface areas. A CCD camera 
operated in time delay and integration mode is synchro- 
nized with the movement of a sample scanning stage, 
enabling continuous data acquisition. Experiments on 
single fluorescent lipid molecules in supported lipid 
bilayers and on stained living cells demonstrate the 
capabilities of the method. Areas of up to 5 x 5 mm 2 were 
recorded within 1 1 min at a pixel size of 129 nm. 

Analytical investigation of biological material is a challenge to 
the sensitivity of any detection device. An individual cell contains 
a total amount of ~10 6 protein molecules. While the most abundant 
proteins can be expressed with up to 10 5 copies, highly relevant 
minor populations often occur at an expression level of only a 
few hundred molecules per cell. Mass spectrometry 1-3 and 
capillary electrophoresis 4 have become methods of choice for 
sensitive protein analysis. However, no bioanalytical method is 
currently capable of determining minor protein populations in 
single cells. Fluorescence has proven to be one of the most 
sensitive measurands in bioanalytics. Recently, fluorescence 
microscopy has been established as a tool to detect trace amounts 
of analyte in various environments, even at the level of single 
molecules. 5-11 Although fluorescence-based detection systems are 
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heavily used for proteomics and genomics research, 12 " 14 no single- 
molecule detection device for chip readout has been reported. 
Here we provide the conceptual basis for ultrasensitive proteomics 
and genomics by reporting the design of a chip reader, which 
operates at diffraction-limited resolution and single-molecule 
sensitivity. The device is capable of imaging areas of 5 x 5 mm 
within 11 min. 

To ensure flexibility, the reader has been set up on a 
conventional inverted epifluorescence microscope (Zeiss). Samples 
were mounted on a high-precision scanning stage (Marzhauser) 
and illuminated through the epiport of the microscope by 633- 
nm laser light from a dye laser (Spectra Physics) (Figure 1). 
Fluorescence signals were collected using a lOOx oil immersion 
objective (Zeiss Plan Neofluar, NA = 1 .3) and imaged on a back- 
illuminated NTE/CCD camera (QE, >85%; chip size, C= 1300 
pixels in serial and L = 100 pixels in parallel direction; pixel size, 
20 /mi; Roper Scientific). Apertures in the baseport of the 
fluorescence microscope limit the field of view to C— 1000 pixels 
in serial direction. Residual Rayleigh and Raman scattered light 
was effectively blocked using appropriate filter combinations 
(Chroma) . 

Conventional microscope-based scanning systems acquire 
sequential images in order to cover large areas. The time 7 seq 
required for recording a given sample area A can be calculated 
according to 
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with 6 the pixel size in the object plane. The sum represents 
contributions of the illumination time the time to digitize each 
pixel Readout, the time to shift one line into the readout register 
/tine-shift, and additional terms accounting for positioning the stage, 
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Figure 1. (a) Scheme of the apparatus. The 633-nm excitation light 
passes through a laser beam line generator (1 ) and a 80-mm spherical 
lens (2). It is reflected on a dichroic beam splitter (3) and focused via 
the objective (4) onto the sample. Fluorescence emission is collected 
throught the same objective and imaged via the tube lens (5) onto 
the camera chip. For the focus-hold system, the autofocus (AF) laser 
is overlaid with the excitation beam using a dichroic beam splitter 
(6). Back-reflected light is separated on a 50% beam splitter (7) and 
imaged on a two-segment photodiode. (b) Cross section of the 
excitation profile perpendicular to the scanning direction (solid line). 
The sharp edges are mandatory for proper illumination (photobleach- 
ing). For comparison, a Gaussian function (dashed line) is shown 
which fits the central region of the excitation profile. 



subsumed in f pos m Q mng; £ gives the total number of lines on the 
chip. Frame-transfer cameras acquire signals during the readout 
process, which allows neglecting fa in eq 1. However, proper 
sample positioning limits the overall readout speed in any 
sequential recording device. There, inertia of the moving parts 
requires time-consuming feedback loops for precise stops. For 
example, sample shift by 20 /mi with a precision according to the 
pixel size of 200 nm in the object plane takes about 0.2-2 s. 
depending on the motorized sample stage. Assuming the param- 
eter used in this study (a digitization rate of 1 MHz, tone-shift = 12 
//s and d - 0.2 //m), a rectangular stripe with a size of 1 x 0.02 
cm 2 can be imaged within 2.5-17.5 min. 

Here we present a scanning system that avoids overhead times 
due to both stage positioning and illumination, based on the 
implementation of synchronized continuous stage-shift and camera 
readout. 15 For this, the camera is operated in time delay and 
integration (TDI) mode, a mode developed for astronomy to 
acquire long swaths of moving objects, especially at low light 
levels. 16 " 19 In this mode, the parallel register shift is synchronized 
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with the object motion, so that charge packets on the CCD pixels 
always correspond to the same image region as they move across 
the parallel register. Charge accumulates and signal strength 
increases as the pixels approach the readout register. For 
application of the TDI mode to microscopy, we synchronized 
image and sample shift by running the camera as master, which 
provided trigger signals to the scanning stage upon each line shift. 
TDI-based scanning allows reaching the theoretical minimum for 
the scanning time of 
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Continuous readout enables the acquisition of images larger 
than the CCD chip size in parallel direction, only limited by the 
storage capacity of the computer. In such a configuration, signal 
integration time is equal to LCt z ^ mi + Lto ne -shift- In general, the 
field of excitation can be chosen arbitrarily. However, too large 
excitation areas lead to photobleaching of parts of the sample 
outside of the detection area. In contrast, too small excitation areas 
might result in saturation of the fluorescence signal due to the 
increased excitation intensity. 20 For wide-field illumination, we 
chose here a Gaussian profile with a full width at half-maximum 
(fwhm) of -50 pixels (corresponding to 10 ptm in the object plane) 
in the parallel direction. For a CCD chip size of 100 pixels, this 
configuration ensures that 98% of the excitation light is imaged 
onto the detection area. Defocusing of the excitation beam in the 
object plane was achieved by inserting a spherical lens with a focal 
length of 80 mm in the illumination path. 

To allow comparison between TDI mode and conventional 
imaging, we define here an effective illumination time, toi- Given 
a signal recorded in TDI mode, fa represents the illumination 
equivalent for detecting the same signal in conventional imaging. 
If n scq - coI mm fa represents the number of excitation cycles in a 
homogeneous excitation beam profile of intensity 7 m ax. 21 and jtydi 
= o)JI{x) dt the number of excitation cycles in TDI mode, ~fa is 
defined as the time for which /7 seq equals /?tdi; i.e., /? se( ,(toi) = nrm- 
Assuming a Gaussian beam profile with I(x) = I msx expI-A^o 2 ] 
in parallel direction, the effective illumination time is given by fa 
= (2;r) 1/2 a[Cfreadout + tone-shift] - For the camera used in this study, 
fa equals 53 ms. The total recording time in TDI mode for a 1 x 
0.02 cm stripe is 50 s ( eq 2), assuming the same system settings 
as in conventional imaging mode. 

In the serial direction, it is again necessary to restrict the 
excitation light to the detection area in order to reduce photo- 
bleaching. In addition, a homogeneous excitation profile is now 
crucial for quantitative imaging. A possible way to achieve these 
constraints would be to image a homogeneously illuminated 
rectangular mask onto the sample. The loss of illumination light 
at the mask, however, requires high laser power to ensure 
excitation intensities of ~kW/cm 2 , as needed for single-molecule 
detection. A proper way to fully utilize the available laser power 
is the use of an aspherical lens for defocusing the laser beam 
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Figure 2. (a) Image of a supported lipid bilayer (DPPC) containing trace amounts of fluorescent lipid (Cy5-DPPE/DPPC, 10" 8 molar ratio). 
The stripe shows a 1 x 0.1 mm 2 region of the bilayer; arbitrarily chosen details demonstrate the homogeneity of the bilayer over the full scanning 
region. Individual fluorescent peaks can be easily discriminated over background and represent individual Cy5-DPPE molecules, (b) Variation 
of the width of the point spread function in scanning direction, measured from 1350 single molecules. For this, the image was divided into 
subregions of 100 x 20 pim 2 , and the average signal width was determined by fitting an elliptical Gaussian profile to each single-molecule 
signal. The solid line corresponds to the short axis of the signal profile, which is oriented perpendicular to the scanning direction. The average 
value of 450 nm compares well with the diffraction-limited spot size. In scanning direction, peaks are slightly broadened due to the combination 
of continuous and discrete shifting procedures (dashed line). 



along the serial direction. For this, a commercial laser beam line 
generator (Powell lens, Oz Optics) with a divergence of 5° (half- 
angle) has been placed 13 cm before the spherical lens into the 
excitation path. In combination with the objective lens, this yields 
an excitation profile in serial direction with a fwhm of ~1000 pixels, 
which sharply declines to zero at the edges (Figure lb). This 
shape is preferential compared to a Gaussian profile, indicated in 
the figure by a dashed line. For quantitative imaging, residual 
inhomogeneities of the excitation profile have been corrected. 

Repeated scanning of neighboring stripes allows covering 
arbitrary sizes of the sample. However, thickness variations of 
the glass coverslip or slight tilt angles of the mounted sample 
lead to significant defocusing of several micrometers during the 
scanning process. To ensure proper focusing over the whole 
image, an automatic focus-hold system has been employed. 22 For 
this, a second laser (frequency-doubled Nd:YAG with a wavelength 
of 532 nm, Spectra Physics) with a power of 1 mW was overlaid 
with the illumination beam and imaged onto the sample next to 
the detection area. Upon reflection on the upper glass surface, 
the beam was recollimated through the objective. Changes in the 
distance between the surface of the coverslip and the objective 
result in changes in the angle of the out-coupled beam, which 
are detected on a two-segment photodiode (Hamamatsu). The 
differential signal was used as input into a PID controller operated 
in feedback loop; the output of this controller was connected to a 
piezodriven focusing system (Physik Instrumente) . 

To demonstrate proof of principles, the device was applied to 
image a supported lipid bilayer on a glass coverslip, containing 
trace amounts of fluorescent-labeled lipid (Figure 2) . The bilayer 
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was formed by vesicle fusion. 23 Briefly, a 2.5 mg/mL vesicle 
solution of dipalmitoylphosphatidycholine (DPPC, Avanti Polar 
Lipids) containing a molar fraction of 10" 8 Cy5-labeled dipalmi- 
toylphosphatidylethanolamine (Cy5-DPPE 10 ) was prepared in 
phosphate-buffered saline (PBS). At room temperature, this lipid 
forms a bilayer in gel phase; the DPPC matrix is characterized 
by a lateral diffusion constant of Z} at M0~ 12 cm 2 /s, 24 which allows 
one to treat individual CyS-DPPE molecules as immobilized on 
the length and time scale of the experiment. A 10-//L sample of 
the vesicle solution was deposited onto the coverslip, incubated 
for 30 min, and finally diluted with 1 mL of pure PBS. Figure 2a 
shows a 1 x 0.1 mm image of the bilayer, recorded in TDI mode. 
It appears homogeneous, containing randomly distributed fluo- 
rescence peaks of CyS-DPPE, as expected from previous studies 
on similar systems. 25 26 The observed surface density of ~ 1.4 CyS- 
DPPE molecules/ 100 pirn 2 is in good agreement with the theoreti- 
cal prediction of 2.1 molecules/100 ^m 2 , assuming a mean area 
of 48 A7DPPC molecule. 27 The total counts emitted by individual 
dye molecules were analyzed by fitting a two-dimensional Gaussian 
function, 8 yielding a median of F~ 812 counts (Figure 3). Taking 
into account the illumination time \w = 53 ms and the excitation 
intensity of = 0.5 kW/cm 2 , this value compares well with 
previous measurements on single Cy5-labeled lipids. 10 Due to the 
high signal amplitude, individual fluorescence peaks could be 
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Figure 3. Histogram of the single-molecule signal intensity recorded 
on the bilayer shown in Figure 2, plotted in logarithmic scale. The 
signals clearly exceed the background, yielding a mean signal to 
background noise ratio of ^37. This allows one to unambiguously 
detect basically all dye molecules on the glass slide. To improve 
visibility, distribution of the background signal has been plotted as a 
probability density function. 

easily discriminated against the background noise of 10 counts 
rms per pixel, which corresponds to 22 counts per diffraction- 
limited spot. The mean signal to background noise ratio for single- 
molecule detection is therefore given by a value of ~37. The high 
discrimination certainty allows one to unambiguously detect 
basically all fluorescent molecules on the glass surface. 

The point spread function for the imaging system has been 
characterized on 30-nm Cy5-labeled polystyrene beads, yielding 
a fwhm of 470 nm in the focal plane. 11 For the combination of 
discrete (camera line-shift) and continuous (scanning stage) 
shifting procedures used in this study, an additional widening of 
the point spread function of ~12% in scanning direction is 
expected. Analysis of 1350 peaks with an elliptical two-dimensional 
Gaussian function yielded an average fwhmi = 510 nm in scanning 
direction and fwhmz = 450 nm in the perpendicular direction. 
Importantly, both values show no significant variation over the 
scan, demonstrating the proper function of the focus-hold system 
(Figure 2b). The average peak distortion of 13% for this scan 
indicates optimum synchronization of camera line-shift and stage 
movement. 

Assembly of individual stripes to one high-resolution image 
demands for reproducibility of the scanning process. Comparison 
of the positions of individual Cy5-DPPE molecules on repeated 
scans of the same area revealed minor fluctuations with a standard 
deviation of 100 nm (37 nm) in (perpendicular to) the scanning 
direction. The second value is close to the positional accuracy of 
the Gaussian fit 26 and indicates only slight deviations from a 
perfectly linear scan. The first value is larger and may be caused 
by velocity changes of the sample stage due to residual irregulari- 
ties in the spindle slope. It should be noted that both values are 
below the diffraction limit of the imaging process. 

The coverslip may also be loaded with living cells for in vivo 
protein expression profiling. Figure 4 shows an example of 
adherent HEP2 cells growing on a fibronectin-coated glass slide. 
The cells were stained with MitoTracker Deep Red 633 (Molecular 
Probes), a specific label for mitochondria. Staining was very 




Figure 4. Large scan of live HEP2 cells stained with MitoTracker 
Deep Red 633 to visualize mitochondria. The 5x5 mm 2 image was 
recorded within 1 1 min at a pixel size of 129 nm in the image plane. 
The details show nicely the typical pattern of mitochondrial organiza- 
tion in the cytoplasm of the cells. Residual movements of cells during 
the recording process can lead to slight mismatches of adjacent 
stripes (e.g., magnification of detail 1). 



efficient and resulted in signals much stronger than signals 
obtained from single dye molecules; therefore, we reduced the 
laser power to ^30 W/ cm 2 . To achieve high-speed imaging, which 
is crucial for live cell observations, the image was recorded on a 
fast CCD camera (Cool Snap HQ, 10 MHz, C — 1392 pixels in 
serial and L = 1040 pixels in parallel direction, pixel size 6.45 
^m; Roper Scientific). Using a lOOx objective and symmetric 
binning of two, a pixel size of 129 nm in the object plane was 
obtained. The quantum efficiency of this camera of -^60% still 
allows for single-molecule observations, however, at reduced 
signal-to-noise ratio (data not shown). 

The fast camera enabled readout times down to 300 ^s/line. 
Due to the larger chip size, the illumination time k\ increased to 
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106 ms. Figure 4 shows a 5 x 5 mm 2 area of the sample 
(corresponding to 1.5 G pixels), which consists of 56 stripes with 
a width of 90 pm. Each stripe was recorded within 11.6 s, yielding 
an overall acquisition time of Ml min. Individual cells can be 
easily discriminated, showing the characteristic distribution of 
mitochondria over the cytoplasm. Since the cells were alive during 
the imaging process, residual motion of individual cells cannot 
be excluded. This lead to slight misalignments or distortions of 
the images of cells protruding over two adjacent stripes. 

The high acquisition speed obtained here allows one to 
maintain viability of the cells for the whole scan, making this 
method a powerful tool for fast prescreening of large populations. 
Subsequent image processing allows selecting cells of interest, 
which can then be automatically moved into the observation area 



and imaged on a faster time scale down to milliseconds. The 
presented approach can be generalized to multiparameter analysis 
either by consecutive scanning in different colors or by adding a 
second detection path. While the first approach is restricted to 
fixed samples, the latter is also applicable to live cell imaging. 
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